Brain formation Domain structure
Gbx2 functions as a transcriptional repressor to regulate the specification and morphogenesis of the mid-hindbrain junction in a dosage-and stage-dependent manner The genes encoding the Gbx family of homeodomain proteins, including Gbx1 and Gbx2, have been identified from zebrafish, Xenopus, chickens, and mammals (Fainsod and Greunbaum, 1989; Kikuta et al., 2003; King et al., 1998; Matsui et al., 1993; Murtha et al., 1991) . Gbx2 is expressed specifically in the anterior hindbrain (Bulfone et al., 1993) and forms an expression boundary with Otx2 in the anterior neural plate (Nakamura, 2001; Simeone, 2000) .
0925-4773/$ -see front matter Ó 2013 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2013.07.004
The function of Gbx2 in isthmic formation has been analyzed using different vertebrate models and experimental strategies. In mice in which Gbx2 was disrupted by conventional gene targeting, the isthmus and anterior hindbrain were abrogated, demonstrating the requirement of Gbx2 in these brain regions (Wassarman et al., 1997) . The mutual repressive functions of Otx2 and Gbx2 result in positioning the future midbrain-hindbrain boundary (MHB) (Broccoli et al., 1999; Millet et al., 1999) , which develops to form the isthmus and governs the patterning of the midbrain and hindbrain (Nakamura, 2001; Rhinn and Brand, 2001 ). Gainof-function (GOF) analyses have been conducted in several vertebrate species. Katahira et al. (2000) , using in ovo electroporation, found that Gbx2 interacts with Otx2 and ectopically induces the isthmic development in chicken embryos. In Xenopus and zebrafish, Xgbx2a/gbx2 overexpression by mRNA injection has shown that Gbx2 suppresses the entire forebrain and midbrain, but allows or even augments hindbrain development (Kikuta et al., 2003; King et al., 1998; Tour et al., 2002a) . Xenopus Xgbx2a was shown to restrict the expression of Otx2, which induces the MHB gene network (Tour et al., 2002b) . In mice, conditional misexpression of Gbx2 in the MHB region was shown to disrupt the midbrain and cerebellum (Sunmonu et al., 2009) .
Meanwhile, rodent Gbx1 is expressed in posterior rhombomeres, medial ganglionic eminence, and spinal neuron progenitor pools (Asbreuk et al., 2002; Rhinn et al., 2004; Waters et al., 2003) , and a functional requirement for mouse Gbx1 in normal development of the neural networks that contribute to locomotion was suggested (Buckley et al., 2013) . Interestingly, in zebrafish, the two gbx genes gbx1 and gbx2 likely contribute to the establishment during epiboly and to the maintenance of the MHB/isthmus during somitogenesis, respectively, and together play the role of mouse Gbx2 in isthmus development (Kikuta et al., 2003; Rhinn et al., 2009) . Such temporal subfunctionalization of the two genes in zebrafish has been supported by knockdown experiments, in which gbx1 knockdown leads to a posterior shift of the MHB (Rhinn et al., 2009 ) but gbx2 inhibition affects later isthmic morphogenesis (Kikuta et al., 2003) . In addition, the roles of gbx2/Gbx2 in the developing anterior hindbrain are conserved between zebrafish and mice (Burroughs-Garcia et al., 2011) . This division of labor between the two genes is likely attributable to the change in their temporal regulation . Indeed, the effects of gbx1 and gbx2 overexpression on brain formation were indistinguishable, showing highly similar biochemical functions of the two Gbx proteins (Kikuta et al., 2003) .
Importantly, mouse Gbx2 continues to be expressed in the anterior hindbrain after MHB establishment and later developmental roles have also been suggested in mice: Li et al. (2002) found that, although lateral cerebellar development did take place in the absence of Gbx2 after E9, growth of the medial cerebellum was affected, showing different requirements for Gbx2 in cerebellum formation. In zebrafish, gbx2 continues to be expressed in the isthmus at least until the hatching stage and is involved in later isthmus formation (Kikuta et al., 2003; Rhinn et al., 2009) . In Xenopus, competence to Gbx2 in terms of its activity against the anterior brain is high in late blastulae and gastrulae but declines thereafter (Tour et al., 2002a,b) . Gbx2 is also expressed in the thalamus (Bulfone et al., 1993; Kikuta et al., 2003) and has been shown in mice to be required for its differentiation . Outside the brain primordium, Gbx2 has been implicated in the development of the otic vesicle and neural crest Steventon et al., 2012) . However, detailed and systematic analysis of the roles of gbx2 during the course of development is still missing.
Structurally, Gbx2 is a typical homeodomain protein, although its role in transcription is still unclear. Besides the homeodomain, sequence analysis has revealed a proline (Pro)-rich sequence, which is generally considered a transcriptional activator region (Mermod et al., 1989) . Indeed, it was shown in cultured cells that Gbx2 functions as a transcriptional activator (Kowenz-Leutz et al., 1997; Roeseler et al., 2012) . In contrast, Gbx2 was suggested to function as a transcriptional repressor in Xenopus embryos, because its activity in neural regionalization is more similar to a repressive form than to an active form (Glavic et al., 2002; Tour et al., 2002a) . Indeed, Gbx2 contains an Eh1 sequence (Logan et al., 1992; Heimbucher et al., 2007 ) (Supplementary Fig. S1 ), which was implicated in transcriptional repression via interactions with Groucho co-repressors (Jimé nez et al., 1999; Tolkunova et al., 1998) . This sequence was recently shown to be involved in repressing Otx2 in medaka (Heimbucher et al., 2007) . By comparing Gbx2 from different species, we previously noted that two N-terminal sequences (CD1 and CD2) and the entire C-terminal sequence (CD3) are highly conserved among vertebrates, in addition to the homeodomain: both Pro-rich and Eh1 sequences are included in CD1 (Kikuta et al., 2003) (Supplementary Fig. S1 ). CD3 is highly conserved even in Drosophila Unplugged, a Gbx homologue in Drosophila (unplugged/unpg) that is also involved in the formation of the boundary region in the brain that might correspond to the vertebrate MHB (Hirth et al., 2003) , implying that this sequence is involved in the conserved functions of Gbx/Unplugged. However, the functions of these subregions have not been elucidated yet.
In the present study, we sought to further reveal the regulatory mechanisms of Gbx2 using the zebrafish, and found that early specification as well as later morphogenesis of the MHB/isthmus is regulated by gbx2. We further identified several functional subregions in Gbx2 and showed that it functions as a transcriptional repressor both in the neural plate and cultured cell system. These results help elucidate the molecular mechanism underlying brain regionalization in early vertebrate embryos.
Results

The MHB region is highly sensitive to Gbx2 activity
In a previous study, we found that when gbx2 is overexpressed at high levels it is suppressive against the entire anterior brain, whereas at low levels it mainly affects the isthmus structure (Kikuta et al., 2003) . In the present study, this dose-dependent differential effect of gbx2 on brain formation was addressed in greater detail (Figs. 1-3 ). When gbx2 mRNA was injected into zebrafish embryos at a relatively low dose (5 pg mRNA/embryo), a significant proportion of embryos lacked isthmic constriction at 26 h post-fertilization (hpf), leaving the anterior brain and optic vesicles relatively intact (isthmus defect), as observed previously, whereas higher doses (15-30 pg/embryo) disrupted the entire anterior brain including the forebrain and midbrain (FB/MB defect, Figs. 1A and 3A) , confirming that the isthmic region is specifically sensitive to Gbx2.
We then sought to confirm the sensitivity difference to gbx2 within the brain primordium at the molecular level. Disruption of the anterior brain by high-dose gbx2 mRNA (30 pg/embryo) was confirmed by the expression of regional markers in the brain, as reported previously (Kikuta et al., 2003) : six3b, emx3, and dlx2a in the forebrain (Figs. 1Bb and 2b, Fig. S2b, e) and otx2 in the anterior brain (Figs. 1Bf, 2f , S2 h) were repressed at both the bud stage and 26 hpf. The MHB expression of pax2a and wnt1 was reduced as well (Figs. 1Bj, Bn and 2b, j) . fgf8a expression at the MHB was retained and often showed anterior expansion at the bud stage ( Fig. 2n ), but was significantly reduced and shifted anteriorly at 26 hpf (Fig. 1Br) . In the hindbrain, egr2b/krox20 expression in rhombomere 3 (r3) and r5 was slightly reduced at the bud stage ( Fig. 2b) but significantly expanded at 26 hpf (Fig. 1Bv) . Interestingly, the expression of gbx1, which is involved in MHB positioning during epiboly in zebrafish (Kikuta et al., 2003; Rhinn et al., 2009) , was downregulated by the bud stage (Fig. 2r) .
At a lower dose of gbx2 mRNA, the expression of six3b and otx2 in the anterior brain was retained both at the bud stage and 26 hpf, although otx2 was often partially downregulated (Figs. 1Bc, g and 2c, g ). Unexpectedly, MHB expression of wnt1, pax2a, and fgf8a was retained (Figs. 1Bk, o, s and 2c, k, o) , although pax2a and fgf8a were downregulated at 26 hpf in the ventral and intermediate MHB regions along the dorsoventral (DV) axis, respectively. The expression of egr2b in the hindbrain was unaffected (Figs. 1Bw, 2c) and gbx1 in the anterior hindbrain was almost normal (Fig. 2s) or weakly reduced in only a minor number of bud-stage embryos. These data show that, despite the defective isthmic constriction, brain regionalization, including early MHB specification that occurs during epiboly, was essentially intact when low doses of gbx2 were misexpressed and the only significant effect was weakly reduced expression of otx2 in the anterior brain.
Since the expression of fgf8a and its gene product is essential for the function of the isthmic organizer (Reifers et al., 1998) , we further examined the expression of two readout genes of FGF signaling, spry4 and etv5b (formerly called erm) (Fü rthauer et al., 2001; Mü nchberg et al., 1999) , in embryos overexpressing gbx2. At a higher dose, their expression expanded anteriorly at the bud stage, and anteriorly shifted and reduced at 26 hpf ( Supplementary Fig. S3Ab , Ae, Bb, Be). At a lower dose, they were little affected at the bud stage, and, although slightly shifted anteriorly, the expression pattern and level were normal at 26 hpf (Supplementary Fig. S3Ac , Af, Bc, Bf). Thus, low-dose gbx2 only marginally changes both fgf8a expression and FGF signaling at the MHB.
2.2.
Overexpression of gbx2 using a heat-inducible promoter disrupts the isthmus at the end of epiboly To determine the competence stage to gbx2, we chose a heat-inducible system that allowed ectopic activation by heat shock (HS) treatment (Halloran et al., 2000; Khan et al., 2012b) . We established a transgenic (Tg) line, Tg(hsp70l:gbx2), with exogenous gbx2 regulated by an hsp70l heat-inducible promoter (Fig. 4A) . Embryos from crosses of wild-type fish and heterozygotes (hsp70l:gbx2 +/-), about half of which should possess hsp70l:gbx2, were subjected to HS. gbx2 was indeed strongly and ubiquitously induced (62-149-fold increase compared to the bud-stage expression of endogenous gbx2) immediately after HS between the shield and 18-somite stage (Supplementary Fig. S4A and B). Of note, gbx2 was induced well before endogenous expression is initiated at 90% epiboly (Kikuta et al., 2003) . The exogenous gbx2 mRNA was significantly reduced in 2-3 h (Supplementary Fig. S5A and B), showing that the overexpression is transient. When the embryos were subjected to HS at different developmental stages, from the early gastrula to the somitogenesis stage, the isthmic structure was disrupted by 24 hpf in about half of the embryos ( Fig. 4B and C) ; the isthmic constriction was indistinct (Fig. 4Bb, b 0 ) or completely lost (Fig. 4Bc, c  0 ).
This isthmus-specific effect, which was seemingly more similar to that of low-dose gbx2, was most significant at the bud stage, when HS completely disrupted the isthmus; this effect was weaker early in epiboly and declined after the bud stage to disappear by the 18-somite stage. Consistent with the morphological phenotype, HS specifically affected the later expression (24 hpf) of MHB genes pax2a and fgf8a, from the shield stage to the 10-somite stage in half of treated embryos (Fig. 5A) , and the effect was most significant at the bud stage, in that the expression of the two genes was abrogated later at the MHB (Fig. 5Ag 0 , h 0 ). Earlier or later than the bud stage, the repressive effect was only partial, such that the dorsoventrally intermediate region was relatively sensitive to gbx2
. In contrast, six3b was normally expressed in the forebrain and the expression of egr2b in r3/r5 as well as that of shh in the floor plate and zona limitans intrathalamica (zli) was little affected. To know if the observed anomalies were due to hsp70l:gbx2 +/-induction, we conducted genotyping, which showed that they were elicited in embryos harboring hsp70l:gbx2 and the HS effects depended on gbx2 misexpression (Figs. 4D and 5B).
Transient induction of gbx2 immediately affects early specification of the neural plate
To determine the early effects of gbx2 overexpression at the bud stage, we examined the expression of early regional markers in the brain of offspring embryos from crosses between wild-type and hsp70l:gbx2 +/-fish immediately or 1 h and 2 h after HS (Fig. 6 ). otx2 expression in the anterior neural plate was drastically repressed immediately, and disappeared by 1 h, after HS, whereas reduction of six3b, wnt1, and pax2a in the prospective forebrain and MHB was observed 1-2 h after HS, in about half of the treated embryos. These altered expression patterns were confirmed to be attributable to gbx2 induc- tion by genotyping ( Supplementary Fig. S6 ). Meanwhile, gbx2 did not affect fgf8a expression at the MHB, as was observed with mRNA injection. Consistently, the expression of the two readout genes of FGF signaling (spry4 and etv5b) was little affected by gbx2 induction at the bud stage (data not shown). Thus, gbx2 probably affects isthmic development by regulating the genes for brain regionalization and otx2 is the immediate early response gene, making it likely that they are among the direct targets of gbx2. Of note, fgf8a expression was absent at the MHB at 24 hpf (Fig. 5A ), indicating that it is gradually downregulated after transient gbx2 induction at the bud stage.
In contrast, the expression of six3b and otx2 was restored at later stages, showing that the downregulation of these genes is transient ( Fig. 5A ; data not shown).
2.4. otx2 expression is highly sensitive to gbx2 at the end of epiboly Since otx2 was the most sensitive gene to gbx2 at the bud stage, we examined changes in temporal sensitivity during neural development. Offspring embryos from crosses between wild-type and hsp70l:gbx2 +/À fish were exposed to HS at different stages between the early gastrula and late somitogenesis stages and examined for otx2 expression 2 h later. About half of the treated embryos showed a reduction of otx2 expression in all HS treatments examined and the effect was most significant at the bud stage ( Fig. 7A ), consistent with sensitivity with respect to morphological anomaly. otx2 was relatively resistant in early gastrulae and sensitivity progressively declined after epiboly to disappear around the 18-somite stage. Genotyping showed that all normal embryos were non-transgenic, whereas embryos with reduced expression were all transgenic ( Fig. 7B ), confirming that downregulation of otx2 was due to gbx2 overexpression.
2.5.
The N-and C-terminal regions of Gbx2 are responsible for suppression of anterior brain formation
To identify the functional subdomains in Gbx2, we overexpressed a series of deletion mutants (Fig. 8 ), which were tagged with FLAG sequences to allow for confirmation of expression efficiency, in zebrafish embryos by mRNA injection. We first compared the effects of wild-type gbx2 and FLAG-tagged gbx2 (ft-gbx2), and found that both gave rise to isthmus-specific defects or disrupted the entire anterior brain in a dose-dependent manner, although the efficiency was lower for ft-gbx2 (Fig. 3A) . The molecular phenotypes were indistinguishable (Fig. 9d, f) , confirming that the FLAG tag has little qualitative effect and only reduced gbx2 activity, as far as the criteria examined here are concerned. The pCS2+ constructs of the gbx2-modified genes, which were used for mRNA synthesis, were transfected into HEK293T cells, in which the genes should be transcribed efficiently through the function of the cytomegalovirus enhancer. The immunodetection of the products using anti-FLAG antibody demonstrated that Gbx2 and all deleted Gbx2 were expressed to a similar extent, ensuring that their effects on embryos could be compared directly ( Supplementary Fig. S7 ).
These FLAG-tagged proteins were overexpressed by mRNA injection in embryos, which were examined morphologically at 26 hpf. ft-gbx2 suppressed anterior brain formation as was observed before (64%) (Figs. 8A and 9e, f) . When the N-terminal region (NTR) was deleted (Gbx2-DN, 212-342 aa), the proportion of embryos lacking the anterior brain decreased by about half (31%), whereas a larger proportion of embryos (50%) showed only isthmus defects, in which the constriction was indistinct (Figs. 8A and 9h, i) . The deletion of the C-terminal region (CTR) also reduced anterior brain defects, but increased isthmus defects (Gbx2-DC, 2-300 aa; Figs. 8A and 9k, l). Indeed, Gbx2-DN and Gbx2-DC only weakly repressed anterior brain and/or MHB markers (Fig. 9g, j) . These results suggest that NTR and CTR are redundantly suppressive against the forebrain and midbrain. Additional deletion of the homeodomain from Gbx2-DC abrogated the activity (Gbx2-ND, 1-210 aa) (Figs. 8A and 9p-r), confirming the essential role of this domain. Finally, because the deletion of both NTR and Fig. 3 -Comparison of the effects of gbx2-related genes on brain development. mRNA for gbx2-related genes, specified at the bottom of the graphs, were injected into eggs at different doses and the phenotypes were scored at 26 hpf. Main phenotypes shown here reflect disruption of the entire forebrain and midbrain (FB/MB defect), isthmus defects, swollen midbrain with no isthmic constriction (MB/isthmus defect), and deformed midbrain with isthmus defects (deformed MB/isthmus). Note that mRNA effects differed among different preparations and the gbx2 mRNA used here gave rise to fewer embryos with isthmus defects compared to that used in Fig. 1A when a low dose was employed. (A) The effects of mRNA for gbx2, ft-gbx2, and gbx2-DNCR. (B) The effects of mRNA for gbx2, en-gbx2, and vp-gbx2. The amount of mRNA was 100 pg/embryo for egfp and vp-gbx2 and 30 pg/embryo for gbx2 and en-gbx2. In the case of en-gbx2 mRNA, many embryos died during somitogenesis probably because of severe dorsalization (cf. Supplementary Fig. S9 ).
CTR significantly reduced the Gbx2 activity (Gbx2-HD, 212-300 aa) , the homeodomain alone cannot exert Gbx2 activity. It should be mentioned, however, that both Gbx2-HD and Gbx2-ND weakly increased isthmus defects ( Fig. 8A ), which might be explained by their dominant-negative effects, such as interference with endogenous Gbx2. Indeed, knockdown of gbx2 by antisense morpholino oligos also affects the isthmus (Kikuta et al., 2003) . The same series of deletions was made using Myc tags instead of FLAG tags, giving essentially the same results (data not shown), confirming that the activities described here were not due to the FLAG sequence.
2.6.
The N-terminal core region is the main functional region in NTR
Comparison of the activities of ft-gbx2 and gbx2-DN showed that NTR is partially responsible for the suppressive effect of Gbx2 on the anterior brain. The N-terminal portion within NTR (CD1) is highly conserved among different vertebrates and contains an Eh1-like sequence, Pro-rich sequence, and an intervening region in between (IVR sequence) (Supplementary Fig. S1 ). To examine their significance, we made another series of Gbx2 deletion mutants, the products of which lacked different subregions within NTR: gbx2-DNt (1-19 aa deleted), gbx2-DNCR (20-64 aa deleted), gbx2-DL1 (65-152 aa deleted), and gbx2-DL2 (153-238 aa deleted) (L1 and L2 stand for Linker regions 1 and 2, respectively) (Fig. 8B) .
Overexpression of gbx2-DNt, -DL1, and -DL2 by mRNA injection disrupted the anterior brain similar to ft-gbx2, showing that the Nt, L1, and L2 regions are not responsible for the suppressive activity. In contrast, gbx2-DNCR showed significantly weaker suppressive activity morphologically at 26 hpf and molecularly at the bud stage (Figs. 3A and 8B) . Thus, the functional core in NTR in terms of suppressing the anterior brain resides in the 20-64 aa region, which was thus termed the N-terminal core region (NCR). Interestingly, embryos expressing gbx2-DNCR showed a unique phenotype in which the midbrain assumed a swollen morphology with concomitant disruption of the isthmus folding (MB/isthmus defect) (Figs. 1Ad, d 0 and 8B), which was never caused by ft-gbx2, gbx2-DN, or gbx2-DC. Importantly, the gbx2-DNCR-specific effect was more significant than disruption of the isthmus (isthmic defect) or the entire forebrain/midbrain (FB/MB defect) even at a much higher dose (400 pg mRNA/embryo; Fig. 3A ), excluding the possibility that the gbx2-DNCR effect is due to reduced gbx2 activity. The effects of gbx2-DNCR were abrogated by deleting CTR (Fig. 8B) , suggesting an interaction between NTR and CTR. Interestingly, Eh1 deletion (gbx2-DEh1) reduced gbx2 activity similarly to gbx2-DN, showing the repressive Scale bar, 200 lm. (C) Offspring embryos from a cross between wild-type and hsp70l:gbx2 +/-Tg fish were exposed to HS at the stages specified at the bottom of the graph and scored for the isthmus defects at 24 hpf. (D) Genotyping of embryos exposed to HS at the specified stages. G, genomic sequences amplified for positive control; H, hsp70l:gbx2-derived sequences showing that the embryos harbored the transgene (arrowheads); (M) size marker (500 bp). All normal embryos were negative, and all affected embryos harbored the transgene. Offspring embryos from a cross between wild-type and hsp70l:gbx2 +/-Tg fish were exposed to heat shock (HS) at the stages specified on the left and examined at 24 hpf for the expression of six3b, pax2a, and egr2b (left two columns) or shh and fgf8a (right two columns). The expression of six3b and egr2b in the forebrain and hindbrain (r3/r5), respectively, as well as the expression of shh in the hypothalamus, zli, and floor plate, and that of fgf8a in the forebrain were not affected, but pax2a and fgf8a expression at the MHB (solid triangles) was affected. Large open triangles represent complete disruption of MHB expression of pax2a or fgf8a and small triangles indicate incomplete downregulation. When isthmic expression was retained, expression gaps were observed intermediately along the DV axis. The proportions of the defects and total numbers of scored embryos are shown at the bottom in the respective panels. Approximately half of treated embryos were expected to harbor hsp70l:gbx2. (c-h, c 0 -h 0 ) The numerators and denominators at the top-right show the numbers of hsp70l:gbx2 +/-embryos, determined by genotyping (B), and total embryos, respectively, showing that the MHB defects observed here were indeed due to gbx2 overexpression. Scale bar, 200 lm. (B) Genotyping of embryos exposed to HS at 80% epiboly. See the legend to Fig. 4D for details. pls, PCR product from hsp70l:gbx2 plasmid as a positive control. Embryos showing MHB mis-specification (MHB defect; downregulation of pax2a) alone possessed the transgene, showing that the defects observed at the MHB were due to gbx2 overexpression.
function of Eh1 (Fig. 8A) . Furthermore, the residual activity of gbx2-DEh1 depended on CTR (gbx2-DEh1DC). Thus, Eh1 is likely the principal sequence responsible for the suppressive activity of NTR. In early pharyngulae (26-28 hpf) expressing gbx2-DNCR, the expression of six3b, emx3 and dlx2a in the forebrain was little affected (Figs. 1Bd and Fig. S2c, f) . otx2 expression was retained in the diencephalon, but was abolished in the midbrain (Figs. 1Bh and Fig. S2i ). wnt1 and pax2a were significantly downregulated at the MHB, whereas fgf8a was partially reduced in the intermediate MHB region along the DV axis (Fig. 1Bt) . Interestingly, atoh1a expression in the cerebellum expanded into the swollen midbrain, suggesting misspecification into the posterior brain ( Supplementary  Fig. S2l ). Finally, egr2b expression in the hindbrain was little affected. To determine the early effects of gbx2-DNCR, marker +/-Tg fish were exposed to heat shock at the bud stage and examined immediately (0 h) or 1 h and 2 h later for the expression of brain regional genes shown at the top. Reduced expression is shown only when it was observed. The proportions of the defects and total numbers of scored embryos are shown in the respective panels. Dorsal views with anterior to the top. Scale bar, 200 lm. expression was examined at earlier stages. gbx1 expression was little affected at 8 hpf ( Fig. 2t) and otx2, six3b, and egr2b were also normally expressed or only weakly downregulated, at the bud stage (Fig. 2d, h ). Around the MHB, the expression of fgf8a and pax2a was little affected, whereas wnt1 expression was abrogated (Fig. 2d, l, p) . The expression of spry4 and etv5b was not affected by gbx2-DNCR at the bud stage and partially repressed in the intermediate MHB region along the DV axis at 26 hpf ( Supplementary Fig. S8 ), which well coincides with the gbx2-DNCR effects on fgf8a. Thus, gbx2-DNCR specifically affects the midbrain and MHB/isthmus, leading to MB/isthmus defects, but allows normal development of the forebrain and hindbrain.
Gbx2 acts as a transcriptional repressor in early embryos
To confirm that Gbx2 functions as a transcriptional repressor in zebrafish embryos, as reported for Xenopus (Glavic et al., 2002) , we constructed chimeric genes for constitutively active Gbx2 (vp-gbx2) and repressive Gbx2 (en-gbx2), in which the VP16 activating domain and EnR domain were connected to the homeodomain, and examined their effects on brain formation in zebrafish (Fig. 10A) . When en-gbx2 mRNA was injected (30 pg/embryo), the forebrain/midbrain was disrupted at 26 hpf, as was observed in gbx2-expressing embryos (Figs. 3B and 10Bc, c  0 ) . Notably, en-gbx2 elicited elongation along the animal-vegetal axis at the bud stage, which is characteristically seen in dorsalized embryos (Supplementary Fig. S9c ). Dorsalization was confirmed by the reduced expression of the ventral marker, eve1, and the expanded expression of the dorsal marker, chd (Supplementary Fig. S9g, k) , and could be the reason a large portion of en-gbx2-expressing embryos died by the end of somitogenesis (Fig. 3B) . Furthermore, we found that gbx2 also dorsalized embryos, whereas vp-gbx2 weakly ventralized embryos (Supplementary Fig. S9f , h, j, l). In the brain primordium, vp-gbx2 mainly affected the midbrain and isthmus, leading to their expansion and/or deformation (deformed MB/isthmus), whereas its effect on the forebrain, including the optic vesicle, was relatively weak (Figs. 3B and 10Bd, d 0 ). Consistent with these morphological phenotypes, en-gbx2 disrupted six3b expression as did gbx2, whereas vp-gbx2 expanded six3b expression in the forebrain and optic vesicles. In addition, en-gbx2 and gbx2 expanded egr2b expression in the hindbrain, while vp-gbx2 specifically downregulated pax2a at the isthmus (Fig. 10Ba 00 -d 00 ).
At the end of epiboly, gbx2 and en-gbx2 significantly repressed otx2 and six3b in the anterior brain, whereas they anteriorly expanded or shifted the expression of pax2a at Fig. 8 -Structures of the deletion mutants of Gbx2 and their effects on brain development. mRNA encoding the deletion mutants of Gbx2, shown schematically on the left, was injected into embryos and the effects on brain formation were scored at 26 hpf as shown on the right. The phenotypes observed were disruption of the entire forebrain and midbrain (FB/MB), isthmus defects, and a swollen midbrain with isthmus defects (MB/isthmus). Note that different doses of mRNA were injected in the series of experiments A and B (100 pg/embryo and 40 pg/embryo, respectively). Numbers of embryos examined and percentages of respective phenotypes are shown. CTR, C-terminal region; Eh1, Eh1 sequence, HD, homeodomain; IVR, intervening region; L1, Linker region 1; L2, Linker region 2; Nt, N-terminal region; NCR, N-terminal core region; NTR, N-terminal region; Pro, Pro-rich region.
the MHB and of egr2b in the hindbrain (Fig. 11A) . In contrast, vp-gbx2 expanded otx2 and six3b expression, but downregulated pax2a and egr2b (Fig. 11A ). The expression of neural genes was further examined by quantitative polymerase chain reaction (qPCR), confirming the above in situ data (Fig. 11B) . Collectively, the activity of en-gbx2 was similar to Fig. 9 -Effects of gbx2 deletion mutants on brain formation. Embryos were injected with mRNA for egfp, ft-gbx2, gbx2-DN, gbx2-DC, gbx2-HD, or gbx2-ND and examined at the bud stage (10 hpf, left column) and 28 hpf (right column) for the expression of six3b in the forebrain, pax2a at the MHB, and egr2b in rhombomeres 3 and 5 (r3 and r5, respectively) of the hindbrain or for the morphology of live embryos at 28 hpf (middle column). The most striking phenotypes and their proportions are shown in the respective panels. The positions of the MHB are indicated by small triangles. Normal and disrupted isthmuses are shown with solid and open large triangles, respectively. ey, eye; FB, forebrain; HB, hindbrain; MB, midbrain; ov, otic vesicle. Scale bars, 200 lm. that of its wild-type cognate gene, whereas vp-gbx2 had the opposite effect, arguing that Gbx2 functions as a transcriptional repressor in the anterior neural plate of zebrafish embryos.
Transcriptional regulatory activities of Gbx2 in cultured cells
To further confirm the transcriptional regulatory function of Gbx2, we examined its effects on the regulatory functions of the fgf8a MHB enhancer (S4.2 and Fig. 12A ; Inoue et al., 2006 Inoue et al., , 2008 in P19C6 embryonal carcinoma cells (P19 cells), which possess the potential to differentiate into neural cells under culture conditions (Jones-Villeneuve et al., 1982) . The S4.2 enhancer, located downstream of fgf8a, drives transcription in the anterior hindbrain with its anterior boundary at the MHB, which is positioned by otx2 and gbx2 (Broccoli et al., 1999; Millet et al., 1999) , making it likely that Gbx2 is involved in S4.2 regulation. Indeed, a typical Gbx2-binding site has been found in the present study within this enhancer ( Fig. 12A, TAATTA; Inoue et al., 2012) . To test if the putative Gbx2 site is functional in vivo, we performed a Chromatin immunoprecipitation (ChIP) assay. Embryos were injected with ft-gbx2 mRNA, and then examined at the 8-somite stage for the binding of Gbx2 with the binding sequence, showing that this site is indeed occupied by the overexpressed protein (Fig. 12B) .
In P19 cells, the expression of S4.2-Luc, in which the luciferase gene is regulated by S4.2 (Fig. 12A) , was significantly activated by pax2a and further strengthened by cotransfection of fgf8a (Fig. 12C) . Since a series of GFP reporter assays in zebrafish embryos demonstrated that the regulatory activity of S4.2 depends on pax2a (Inoue et al., 2008;  Fig. 12A ), the present result suggests that the regulation of the S4.2 enhancer in P19 cells recapitulates the embryonic situation. Importantly, the enhancement effects of pax2a and fgf8a were effectively canceled by gbx2 (Fig. 12C) , and the S4.2 activity itself was repressed by gbx2 in a dose-dependent manner (Fig. 12D) . Furthermore, S4.2 activity was also repressed by en-gbx2, but was augmented by vp-gbx2 (Fig. 12D) . These results show that Gbx2 functions as a transcription repressor on the MHB enhancer of fgf8a in P19 cells. 
Discussion
Differential sensitivity to gbx2 in the developing brain
Previous studies in Xenopus and zebrafish have shown that gbx2 suppresses the formation of the forebrain and midbrain but allows or promotes hindbrain development (Kikuta et al., 2003; King et al., 1998; Tour et al., 2002a) . This was supported in the present study by high-dose mRNA injection: the expression of regional markers in the brain anterior to the MHB was significantly repressed. Downregulation of the two MHB markers (wnt1 and pax2a) might be due to either direct repression by gbx2, which is discussed below, or disruption of the otx2-gbx boundary and concomitant otx2 downregulation. Among the MHB markers examined, fgf8a alone was unaffected or even expanded at the bud stage, as was observed for egr2b, probably due to its expression posterior to the MHB. Meanwhile, it is downregulated in pharyngulae, which may again be ascribed to either direct repression (discussed below) or disruption of the anterior neural region. Of note, gbx1 expression in the prospective hindbrain was repressed at the bud stage by high-dose gbx2, which might explain the gbx1 downregulation accompanied by the activation of gbx2 in the anterior hindbrain in late gastrulae (Kikuta et al., 2003) .
On the other hand, in pharyngulae overexpressing low-level gbx2, the isthmic structure was specifically disrupted, with apparently normal development of the anterior brain, as briefly reported before (Kikuta et al., 2003) , suggesting that isthmus specification and/or morphogenesis is highly sensitive to gbx2. The expression of anterior neural genes, such as otx2 and six3b, were retained at 26 hpf, although at reduced levels, which probably can overcome the activity of low-level gbx2 to suppress development of the anterior brain. In this regard, since gbx2 is not expressed in the forebrain and midbrain, the suppression of the anterior brain by gbx2, observed in GOF experiments using zebrafish and Xenopus, is not consistent with the idea, suggested by loss-of-function experiments, that gbx2 is involved specifically in MHB formation. The specific effect of low-dose gbx2, in addition to that of transient hsp70l:gbx2 induction, on MHB/isthmic development is the first GOF evidence, to the best of our knowledge, that shows the involvement of gbx2 in the development of this boundary region in zebrafish embryos. Fig. 12 -Regulation of the activity of fgf8a MHB enhancer by gbx2 in cultured cells. P19C6 cells were transfected with pS4.2-Luc (A) together with endogenous control (pRL-TK) and the effector gene constructs shown at the bottom. Above the construct, the internal structure of the S4.2 sequence, which includes the conserved non-coding sequence (DCR3), Pax2 binding sites (Inoue et al., 2008) , and Gbx2 site (TAATTA; Inoue et al., 2012) , is shown. Cells were cultured for 24 h and assayed for luciferase activity. pA, polyadenylation site. (B) ChIP analysis. DNA was extracted from the chromatin immunoprecipitated from 8-somite embryos expressing egfp or ft-gbx2, and was subjected to PCR for the Gbx2-binding site in S4.2. Size markers were run on the left lane. (C) Luciferase assay showing the effects of fgf8a, pax2a, and/or gbx2 on the S4.2 enhancer activity. (D) Dose-dependent effects of gbx2-related genes on the regulation of the S4.2 enhancer. The reporter expression was assayed in quadruplicate and normalized by the expression of endogenous control, and the ordinates represent reporter expression relative to that in the absence of effector genes. Error bars represent standard errors. Differences between the marked data (C) or from the luciferase expression in control embryos (D) were statistically tested by the t-test. * p < 0.05; ** p < 0.01.
It is possible that the high sensitivity of isthmus development to gbx2 is due to the unstable nature of the MHB, which is established and maintained by the interaction between otx2 and gbx1/2. Low-level gbx2 weakly downregulates otx2, which might disrupt the balance of activity between the two genes and affect the downstream gene cascade. This possibility is not highly likely, however, because even in the presence of low-dose gbx2 mRNA, MHB specification seems to proceed normally and later development of the isthmus is only partially affected, as was suggested by the expression of pax2a, wnt1, and fgf8a. Notably, gbx1 was not affected by low-level gbx2 at the bud stage, showing that the high sensitivity of the isthmus is not due to the effect on gbx1 expression. Another possibility is that low-level gbx2 specifically affects the organizer function of the isthmus. However, the expression of the two main signaling factor genes, wnt1 and fgf8a, as well as the FGF signaling readout genes examined, was normal or only weakly reduced so this possibility is unlikely again.
Finally, additional regulatory genes required for the later morphogenesis of the isthmus might be severely affected by low-dose gbx2. Recently, several reports have revealed that isthmic morphogenesis is regulated not by MHB patterning genes, but by different molecular mechanisms. Indeed, isthmic folding is affected in mutants lacking laminin c1 and b1 (sleepy and grumpy, respectively) (Gutzman et al., 2008) , Atp1a1 (snakehead), and Mpp5 (nagie oco) (Lowery and Sive, 2005) . In addition, besides patterning the MHB, Fgf8 signaling drives isthmus morphogenesis through a regulator of CDC42 (spec1/cdc42se1) (Dworkin et al., 2012) . Of note, in the development of the MHB, thalamus, otic vesicle, and neural crest, mutual negative interactions between otx2 and gbx2 contribute to segregation of the adjoining two domains Sunmonu et al., 2011; Li et al., 2009; Steventon et al., 2012) . Thus, even low-level ectopic expression of gbx2 in the anterior neural plate could affect cell segregation, leading specifically to isthmus defects. Whatever the mechanism, low-level gbx2 affects isthmic morphogenesis without affecting MHB establishment, and elucidation of this issue would lead to a better understanding of the role of gbx2 in isthmic development.
gbx regulates MHB specification at the end of epiboly
It is still unclear when gbx2 functions to regulate vertebrate brain formation. Sunmonu et al. (2009) conducted conditional GOF experiments in mice using Cre-mediated recombination to drive Gbx2 in the MHB region. This excellent technique is useful for temporally and spatially analyzing gene functions, but it requires a variety of Cre lines for detailed analyses. In Xenopus, hormone-inducible Gbx2 or its modified genes were employed for stage-specific overexpression (Glavic et al., 2002; Tour et al., 2002a,b) . This approach also provides important insights into the roles of gbx2 in development, but the level of overexpression will depend on the stability of mRNA and/or its product for hormone-inducible Gbx2 and it is not suitable for analysis at later stages of development.
To address this issue, we established a useful induction system for gbx2 using an HS promoter. HS induction in Tg(hsp70l:gbx2) embryos allows flexible temporal dissection of gbx2 functions throughout development. Indeed, we confirmed that heat treatment of Tg(hsp70l:gbx2) embryos led to ubiquitous expression of gbx2 at desired stages during embryogenesis. Since gbx1 and gbx2 have similar activities in embryos (Kikuta et al., 2003) , this Tg system helps to dissect the temporally restricted role of gbx1/2 in various aspects of embryogenesis.
By exploiting this Tg fish, we revealed that the isthmic development is highly sensitive to gbx2 at the end of epiboly (bud stage). Transient overexpression of gbx2 little affected the forebrain and midbrain, which is reminiscent of the lowdose gbx2 mRNA effects, although major MHB genes were drastically downregulated in contrast to the low-dose effects, indicating a different mechanism for isthmus disruption. The most striking and immediate response to gbx2 induction was abrogation of otx2 expression in the anterior brain, and thus rapid and transient otx2 downregulation might lead to a failure in MHB specification and later isthmus defects. The major role of Gbx2 as a transcriptional repressor against Otx2 in MHB/isthmus formation, which have been repeatedly reported (Millet et al., 1999; Nakamura, 2001; Rhinn and Brand, 2001) , is supported by the high sensitivity of otx2 to gbx2 observed in the present transient overexpression experiment. After otx2 downregulation, wnt1, six3b, pax2a (Fig. 6) , and fgf8a (Fig. 5) were sequentially downregulated in response to gbx2. Although it is unclear whether the regulation of these genes was direct or secondary to otx2 downregulation, the lack of the expression of the MHB genes at later stages could be responsible for the morphological defect observed in the isthmus.
Inefficient otx2 repression by gbx2 during early epiboly is compatible with the overlapped expression of Otx2/otx2 and Gbx2/gbx2 at this stage (Garda et al., 2001; Rhinn et al., 2003) , whereas the strong repression observed at the bud stage can well explain their sharp expression boundary. These results emphasize the importance of the mutual repression of otx2 and gbx for MHB/isthmus establishment at the end of epiboly in zebrafish. otx2 progressively becomes relatively refractory to gbx2 during somitogenesis despite the persistence of an expression boundary, which might suggest that the activated state of otx2 in the genome is fixed once it is established. Temporal changes in the competence to gbx2 activity in the neural plate might depend on the inherent nature of the otx2 gene in the genome, and epigenetic regulation need to be defined. It should also be mentioned that MHB in mice is established by Gbx2 but is maintained by Fgf8 (Sunmonu et al., 2011). Alternatively, Gbx may depend on cofactors whose expressions are high around the bud stage. In Xenopus, Xiro1 is considered a competence factor for Gbx2 (Glavic et al., 2002) .
The loss of fgf8a and pax2a expression in the dorsoventrally restricted MHB region in embryos weakly affected by transient gbx2 induction resembles the low-dose gbx2 effects, showing that the intermediate MHB region is more sensitive. These differential gbx2 effects could reflect the different competences along the DV axis within the MHB region as has been observed in mouse embryos (Sunmonu et al., 2009; Li et al., 2002; Waters and Lewandoski, 2006) . Of note, conditional activation of Gbx2 at the MHB in mouse embryos after E9.5 caused deletion of the midbrain and cerebellum (Sunmonu et al., 2009) , which is consistent with our present observations. Meanwhile, the activation of hormone-inducible Xgbx2a in Xenopus most potently affected the MHB in late blastulae or early gastrulae, but the effects declined thereafter (Tour et al., 2002a ), which appears to be different from our present results. In that experiment, however, degradation of mRNA and/or the product for inducible Xgbx2a could have affected the results, as mentioned above. In the present study, transient induction of gbx2 at the bud stage repressed wnt1 but allowed fgf8a expression. Mouse Gbx2 was also shown to repress Wnt1 and activate Fgf8 in the anterior hindbrain (Li et al., 2005) , together suggesting that gbx2 contributes to the segregated expression of the two signaling genes at the MHB by differential regulation. Thus, the heat-induction system established for zebrafish gbx2 is a useful experimental approach that will further uncover the regulatory mechanism of MHB development, wherein gbx functions as a pivotal node in the gene network.
3.3.
The N-and C-terminal regions are responsible for inhibition of anterior brain formation Deletion of either of the NTR or CTR region similarly resulted in reduced Gbx2 activity against the anterior brain and deleting both regions abrogated the activity, suggesting that NTR and CTR have similar suppressive effects on the anterior brain. Both deleted genes strongly suppressed the anterior brain at higher mRNA doses ( Supplementary  Fig. S10 ), showing that these deletions did not change, but only reduced, the suppressive activity. However, NTR and CTR showed little sequence homology and more detailed analyses of their functions are required. The internal deletion within NTR revealed that its major activity is localized in the NCR, whereas the other NTR subregions (Nt, L1, and L2) were not essential for gbx2 activity based on the criteria employed here.
In embryos overexpressing gbx2-DNCR, the forebrain and hindbrain appeared normal, whereas the midbrain vesicle was swollen and isthmic constriction failed to form. Expression of regional markers suggests that the midbrain is disrupted and mis-specified to the cerebellum. Embryos expressing low-dose gbx2 also lacked isthmic constrictions, but they never formed swollen midbrains. At the MHB, wnt1 was strongly downregulated at the bud stage and wnt1, pax2a, and fgf8a were repressed at 26 hpf, which further shows that the effect of gbx2-DNCR can be distinguished from that of a weak gbx2 effect. This is consistent with our finding that increasing the dose of gbx2-DNCR mRNA failed to suppress the forebrain in contrast to wild-type gbx2.
In gbx2-DNCR-expressing embryos, fgf8a expression was weakly reduced at the MHB; typically, fgf8a expression was missing in the intermediate region along the DV axis of the MHB. Fgf8 is the main signaling molecule emanating from the isthmus (Nakamura, 2001; Rhinn and Brand, 2001 ) and fgf8a mutation also disrupts the isthmus and cerebellum, leading to an expanded midbrain (Reifers et al., 1998) . However, since the midbrain is mis-specified to the cerebellum by gbx2-DNCR instead, the defective isthmus and swollen midbrain-like vesicle cannot be attributed to Fgf8 deficiency. In contrast, the lack of wnt1 expression at the MHB is striking and the gbx2-DNCR effects might be due to the absence of Wnt1 signaling from the isthmus, which is also considered essential for the isthmic organizer function (Nakamura, 2001; Rhinn and Brand, 2001) . It is possible that NCR is involved in suppressing the forebrain and the flanking NTR subregions repress wnt1 at the MHB together with CTR to affect midbrain formation. If this is the case, Gbx2-DN will show CTR-dependent weaker suppressive activity against both the forebrain and midbrain, whereas Gbx2-DNCR will allow forebrain formation but represses midbrain formation, which was actually observed. Of note, deletion of the other NTR subregions failed to affect gbx2 activity, thus, they might only augment the suppressive effect of CTR against the midbrain. The disruption of the gbx2-DNCR effect by CTR deletion is consistent with this possibility. The interaction within Gbx2 and the roles of the respective characteristic sequences remain to be addressed.
3.4.
Transcriptional regulation by Gbx2 in embryos and cultured cells
We showed here that mRNA injection of both gbx2 and engbx2 disrupted the anterior brain by 26 hpf and specification of the anterior neural plate was indeed suppressed by the bud stage. Meanwhile, vp-gbx2 alone showed different effects: vp-gbx2 deformed the midbrain, which seemed enlarged, and isthmus constriction. Expansion of the anterior neural plate was confirmed at the bud stage by regional marker expression. Our findings are consistent with the previous reports on Xenopus embryos (Glavic et al., 2002; Tour et al., 2002a) arguing that Gbx2 functions as a transcriptional repressor. Meanwhile, gbx2 and en-gbx2 upregulate egr2b and vp-gbx2 represses the same gene, thus suggesting that activation of the posterior neural gene by gbx2 is mediated by a different transcriptional repressor(s) that could be repressed by gbx2. We also found that gbx2 and en-gbx2 dorsalize embryos, with en-gbx2 being more effective. Since gbx2 is not endogenously expressed up to 90% epiboly (Kikuta et al., 2003) , this early effect could reflect the endogenous role of gbx1, which is expressed in the yolk syncytial layer and blastoderm margin after 40% epiboly (Rhinn et al., 2003) . Although this possibility needs to be addressed in the future, it should be mentioned that this dorsalization effect also seems to be exerted by transcriptional repression.
The repressive activity of Gbx2 has been shown to depend on the Eh1 sequence in NTR in mammalian cells and medaka fish embryos (Heimbucher et al., 2007) , which is consistent with the weak suppressive activity of gbx2-DN and gbx2-DEh1 against the anterior brain that was observed in the present study. Heimbucher et al. (2007) observed the effect of Eh1 deletion (anterior MHB shift) only by gbx2 induction during gastrulation and failed to see the effect by mRNA injection, suggesting that Eh1 is functional only at later stages. In contrast, we observed reduced suppressive activity of gbx2-DN by mRNA injection already at the bud stage, which argues that Eh1 functions as a repressive sequence from early stages. Interestingly, the deletion of another NCR subregion, the Pro-rich sequence, affected the gbx2 activity such that the deleted gbx2 caused dorsalized phenotypes (Nakayama et al., unpublished data). Although its significance is unclear, the Pro-rich sequence probably possesses a unique function in embryos.
In contrast to in vivo studies, cell culture systems have found that Gbx2 is a transcriptional activator (KowenzLeutz et al., 1997; Roeseler et al., 2012) . Indeed, Gbx2 has recently been suggested to function as such in developing otic vesicles of Xenopus embryos (Steventon et al., 2012) . In the present study, we further sought to analyze the activity of Gbx2 in a culture system using the MHB enhancer of fgf8a (S4.2 enhancer) . MHB is positioned via an interaction between Otx2 and Gbx2, and Fgf8 expression is likely regulated by a gene network including Gbx2. Indeed, several reports have suggested that Fgf8 is directly or indirectly regulated by Gbx2 in embryos (Katahira et al., 2000; Li et al., 2005; Sunmonu et al., 2009; Tour et al., 2002b) . In P19 cells, the S4.2 enhancer was activated by pax2a, as was observed in embryos (Inoue et al., 2008) , confirming that the regulation of the S4.2 enhancer can be recapitulated in cultured cells. In addition, fgf8a functions synergistically with pax2a to activate S4.2, suggesting a positive feedback loop in the regulation of fgf8a, which was previously suggested by bead implantation in chick embryos (Crossley et al., 1996; Garda et al., 2001; Martinez et al., 1999) . Importantly, we have shown efficient repression of S4.2 by gbx2 and en-gbx2 as well as S4.2 activation by vp-gbx2, strengthening the idea that Gbx2 functions as a transcriptional repressor. Indeed, Gbx2 was shown in embryos by the ChIP assay to associate with its putative binding site in S4.2. Additionally, Gbx2 abrogates the activation of S4.2 by pax2a and fgf8a, and Gbx2 probably interferes with the regulatory functions of other regulatory factors. Since S4.2 is active only after mid-somitogenesis (Inoue et al., 2008) , it is possible that gbx2 does not repress fgf8a at the bud stage, which was actually observed.
The possible role of Gbx2 as a transcriptional repressor has been further supported in zebrafish by our finding that brain patterning genes, especially otx2, were rapidly downregulated in bud-stage embryos wherein gbx2 was transiently induced. On the other hand, our microarray analysis revealed that a number of genes are upregulated by inducing hsp70l:gbx2 at the bud stage (unpublished data, Nakayama et al., 2012) . Notably, Fgf8 is induced at the expression boundary of Otx2 and Gbx2 (Katahira et al., 2000; Sunmonu et al., 2009) , and gbx2 and fgf8a are coexpressed in r1, suggesting that gbx2 functions not to exclude, but to modulate fgf8a transcription to attain an appropriate expression level through interaction with other transcriptional regulators. Taking into consideration the previous data showing its activator function in different aspects, Gbx2 functions might depend on the context and/or the presence of cofactors in nuclei that could be different among different tissues and developmental stages. Of note, the Pro-rich sequence is considered to contribute to transcriptional activation through protein-protein interaction (Kay et al., 2000) .
In the present study, we have thus uncovered the functional domain structure and transcriptional activities of Gbx2, which will provide a basis for understanding the multiple developmental aspects that involve Gbx proteins, especially isthmus development in the brain primordium.
4.
Experimental procedures
Fish husbandry and maintenance
Adult zebrafish (Danio rerio) were maintained at 27°C in a 14-h light/10-h dark cycle. Embryos were raised at 28.5°C until reaching the appropriate stages. Morphological features and hpf were used to stage embryos (Kimmel et al., 1995) . When necessary, 0.2 mM phenylthiourea (Nacalai Tesque) was added to the culture to prevent pigment formation. All of the experiments using live fish complied with the protocols approved by the Committee for Animal Care and Use of Saitama University.
Whole mount in situ hybridization
Digoxigenin (DIG)-labeled RNA probes were synthesized using the T3 and T7 RNA polymerases (Stratagene) with the DIG RNA Labeling Mix (Roche Diagnostic) according to the manufacturers' protocols. Whole mount in situ hybridization was performed essentially as described previously (Kikuta et al., 2003) .
Constructs for gbx2-related genes and luciferase reporters
To synthesize mRNA for wild-type gbx2, the pCS2+ gbx2-DUTR construct, in which the 5 0 -and 3 0 -untranslated regions of gbx2 had been removed (Kikuta et al., 2003) , was used as a template. For microdissection of Gbx2, different regions in the gbx2 cDNA were amplified by PCR and ligated in frame downstream of the FLAG tag region of pCS2+AdN-FTn.gm3 (kindly donated by Drs. Ichiro Hiratani and Masanori Taira) (pFT-Gbx2, pGbx2-DN, pGbx2-DC, pGbx2-HD, and pGbx2-ND; cf. Fig. 8A ). In pFT-Gbx2, pGbx2-DC, and pGbx2-ND, the start codon was deleted, with the second codon connected to the FLAG sequence. The pCS2+ constructs for gbx2-DNt, gbx2-DNCR, gbx2-DNCRDC, gbx2-DEh1, gbx2-DEh1DC, gbx2-DL1, and gbx2-DL2 were obtained by inverse PCR using the pFT-Gbx2 construct as a template, using pairs of primers that flanked the targeted sequences to be deleted, followed by self-ligation (Fig. 8B) . To build chimeric genes encoding an active and repressive form of Gbx2, the coding regions corresponding to those of gbx2-HD were amplified by PCR and cloned into pCS2+/ VP16-AD and pCS2+/ENG-RD (kindly donated by Drs. Mami Takasaki and Makoto Kobayashi) in frame downstream of the activating domain of herpes simplex virus VP16 and the repressor domain of Drosophila Engrailed (EnR), respectively (vp-gbx2 and en-gbx2). The simian CMV enhancer in pFT-Gbx2 was replaced with the HS promoter of hsp70l (hsp70l:gbx2; Halloran et al., 2000) and the DNA for hsp70l:gbx2 was PCR-amplified and inserted between the two Tol2 arms in pTol2+MCS, a modified pT2AL200R150G (Urasaki et al., 2006) in which a multicloning site had been cloned between the two arms (pTol2-Hsp-FT-gbx2). For the luciferase assay, the MHB promoter of zebrafish fgf8a (S4.2; Inoue et al., 2008) was inserted upstream of the IFN-b basal promoter and the luciferase gene in pGL2 (pS4.2-Luc) (Kawamura et al., 2008) .
In all of these cases, PCR was conducted using high-fidelity polymerases (LA-TaqÒ or PrimeSTARÒ GXL DNA Polymerase, TaKaRa) and the structures of the constructs obtained were verified by sequencing.
mRNA synthesis and microinjection into embryos
For synthesis of capped mRNA, the template plasmids were linearized with appropriate restriction enzymes and transcribed with SP6 RNA polymerase using the MEGAscript SP6 Kit (Ambion) according to the manufacturer's protocol. Synthesized mRNA was pressure-injected into single blastomeres of one-to four-cell stage embryos. The mRNA for egfp was injected into embryos as a negative control.
4.5.
Cell culture and plasmid transfection HEK293T and P19C6 (a subclone of the mouse embryonic carcinoma P19 cell line; Gao et al., 2001 ) cells were cultured in a 5% CO 2 atmosphere at 37°C in D-MEM medium (high glucose) with L-glutamine, phenol red, sodium pyruvate (Wako), and 1% penicillin-streptomycin supplemented with 15% fetal bovine serum (BioWest). For transfection of plasmid constructs, 1 lg DNA was vigorously mixed with 100 ll serumfree medium and 4 lg polyethyleneimine (pH 7.2; linear, MW 25,000; Polysciences, Inc.), incubated for 15 min at room temperature, and added to the culture.
Biosynthesis of Gbx2-related proteins in cultured cells and their immunodetection
Logarithmically growing HEK293T cells (2 · 10 6 ) were plated into 60 mm dishes coated with collagen type I (Iwaki) and incubated for 15 h. Plasmid DNA of different gbx2-pCS2+ expression constructs (2 lg) was transfected into cultured cells as described above. After 24-h culture, cells were washed with phosphate buffered saline (8.0 g/l NaCl, 0.2 g/l KCl, 1.65 g/l Na 2 HPO 4 , 0.2 g/l KH 2 PO 4 ) and solubilized in 250 ll SDS-loading buffer by sonication and then treated at 95°C for 15 min.
Samples were subjected to SDS-polyacrylamide gel electrophoresis (5 ll/lane) using a 10-20% gradient gel (SuperSep Ace, 10-20%, Wako) and then transferred to a PVDF membrane (Immobilon-P Transfer Membrane, MILLIPORE) in transfer buffer (25 mM Tris-HCl, 192 mM glycine, 0.01% SDS, 15% methanol) (14 V, 120 min). Subsequently, the membrane was treated in blocking solution including 5% skim milk (Difco) in TBS-T (20 mM Tris-HCl, pH 7.2, 150 mM NaCl, 0.05% Tween-20) for 1 h at room temperature and treated with 4000-fold diluted ANTI-FLAG M2 Monoclonal AntibodyPeroxidase Conjugate (SIGMA) in the blocking solution. After washing three times with TBS-T, the membrane was incubated in Immobilon Western chemiluminescent HRP Substrate (MILLIPORE) at room temperature and chemifluorescence was detected using Chemi-Doc XRS (BioRad).
4.7.
Quantitative PCR analysis
Total RNA was prepared from bud-stage embryos that had been injected with mRNA for egfp, gbx2, en-gbx2, and vp-gbx2 using Isogen (NIPPON Gene) and used as templates for reverse transcription with random primers using M-MLV Reverse Transcriptase (Invitrogen). qPCR was conducted with the cDNA using the Thunderbird SYBR qPCR Mix (Toyobo) and the StepOnePlus Real-Time PCR System (Applied Biosystems). The primer pairs for the genes to be analyzed were designed using NCBI/Primer-BLAST (http://www.ncbi.nlm. nih.gov/tools/primer-blast/) (Supplementary Table S1 ).
4.8.
Luciferase assay using cultured cells
For the luciferase assay, cells were plated into 24-well plates (2.0 · 10 4 cells/well) and cultured for 1 day. Cells were transfected with a 100 ng reporter plasmid, 50 ng each of effector plasmids, and 0.7 ng pRL-TK harboring the Renilla luciferase gene (Promega) as an endogenous control and further cultured for 24 h, when cells were 70-90% confluent. The total amount of transfected DNA was adjusted with pCS2+ DNA. Cells were solubilized in Passive Lysis Buffer (Promega) and subjected to luciferase assays using the Dual Luciferase Reporter Assay System (Promega).
ChIP assay
The ChIP assay was conducted using the Chromatin Immunoprecipitation Assay Kit (Upstate) according to the manufacturer's protocol. Embryos were injected with mRNA for egfp or ft-gbx2 (100 pg/embryo) and fixed at 8-somite stages in 1.85% paraformaldehyde for 15 min at room temperature, and homogenized in SDS Lysis Buffer. After sonication, 1 lg of mouse anti DYKDDDDK monoclonal antibody (2H8; TransGenic Inc.) or normal mouse IgG (MILLIPORE) was added, and the mixtures were incubated overnight at 4°C. The genomic region flanking the Gbx2-binding site was amplified by PCR, using DNA purified from the immunoprecipitates and appropriate primer pairs (5 0 -GTTGCATTGTTACTGTTTTACTAC-3 0 and 5 0 -GTTCACCTTGATATGTTAATAACAG-3 0 ).
Establishment of transgenic fish lines
DNA of the pTol2-Hsp-FT-gbx2 plasmid was co-injected with transposase mRNA into single blastomeres of one-to four-cell stage embryos (20 pg DNA and 25 pg mRNA/embryo) (Kawakami, 2007) . Founder Tg fish (F0) with the constructs in their genome were identified by PCR-based genotyping as described below. Fish of the obtained line were maintained as heterozygotes (hsp70l:gbx2 +/À ) at 25°C to suppress adverse effects due to possible leaky expression of gbx2. To identify embryos or adult fish with hsp70l:gbx2, genotyping was conducted as described previously (Khan et al., 2012a) by PCR using the primer pair (Supplementary  Table S1 ) that would amplify the hsp70l promoter-FLAG tag sequence in hsp70l:gbx2 (390 bp). As a positive control, another primer pair that would amplify the genomic sequence in chromosome 3 was used in parallel (Khan et al., 2012a). 4.11. Transient induction of gbx2 in embryos using Tg fish with hsp70l:gbx2 Tg(hsp70l:gbx2) embryos were obtained via crosses between Tg(hsp70l:gbx2 +/À ) and wild-type fish and incubated at 25°C until heat induction. Heat treatments were performed for 30 min at 37°C or 15 min at 35°C, then embryos were fixed for staining or returned to 25°C immediately after HS until reaching the appropriate stages, if necessary.
